A major virulence factor of Porphyromonas gingivalis is the extracellular noncovalently associated complexes of Arg-X-and Lys-X-specific cysteine proteinases and adhesins designated the RgpA-Kgp complexes. In this study we investigated the ability of RgpA-Kgp as an immunogen to protect against P. gingivalis-induced periodontal bone loss in the rat. Specific-pathogen-free Sprague-Dawley rats were immunized with either formalin-killed whole P. gingivalis ATCC 33277 cells with incomplete Freund's adjuvant, RgpA-Kgp with incomplete Freund's adjuvant, or incomplete Freund's adjuvant alone. The animals were then challenged by oral inoculation with live P. gingivalis ATCC 33277 cells. Marked periodontal bone loss was observed in animals immunized with incomplete Freund's adjuvant alone; this bone loss was significantly (P < 0.05) greater than that detected in animals immunized with formalin-killed whole cells or RgpA-Kgp or in unchallenged animals. There was no significant difference in periodontal bone loss between animals immunized with formalin-killed whole cells and those immunized with RgpA-Kgp. The bone loss in these animals was also not significantly different from that in unchallenged animals. DNA probe analysis of subgingival plaque samples showed that 100% of the animals immunized with incomplete Freund's adjuvant alone and challenged with P. gingivalis ATCC 33277 were positive for the bacterium. However, P. gingivalis ATCC 33277 could not be detected in subgingival plaque samples from animals immunized with formalin-killed whole cells or with RgpA-Kgp. Immunization with formalin-killed whole cells or RgpA-Kgp induced a high-titer serum immunoglobulin G2a response. Western blot analysis of RgpA-Kgp using pooled protective antisera taken from rats immunized with RgpA-Kgp revealed immunodominant bands at 44, 39, and 27 kDa. In conclusion, immunization with RgpAKgp restricted colonization by P. gingivalis and periodontal bone loss in the rat.
Periodontitis is a destructive inflammatory disease of the supporting tissues of the teeth associated with subgingival infection by a consortium of gram-negative bacteria and is a major cause of tooth loss in adults (35) . The current treatment of periodontitis is nonspecific and is centered on the removal of subgingival plaque by mechanical debridement often involving surgical procedures. This ongoing therapy is costly and painful and has a variable prognosis. Porphyromonas gingivalis is now considered to be a major periodontal pathogen as it is closely associated with chronic periodontitis in humans (25, (47) (48) (49) , and its subgingival implantation in mice (1) rats (11, 20) , and nonhuman primates (17, 36) is associated with initiation and progression of disease. The elucidation of a specific bacterial etiology for chronic periodontitis suggests that the development of a specific treatment modality to target the sites of colonization or the virulence of P. gingivalis and other periodontal pathogens is now a more rational approach to treat the disease. In the nonhuman primate model, immunization with killed whole P. gingivalis cells significantly reduced progression of periodontitis associated with the indigenous microflora, as well as with superinfection by P. gingivalis (36) . Furthermore, immunization with P. gingivalis whole cells has similarly been shown to reduce periodontal bone loss in the rat periodontitis model (11) . These animal data therefore support the utility of a specific and defined P. gingivalis vaccine in the adjunctive treatment of human chronic periodontitis. Vaccination could become an important adjunctive therapy to scaling and root planing (mechanical debridement) to help prevent site recolonization by P. gingivalis and/or restrict the further progression of disease by blocking the penetration of the major antigens associated with virulence into the gingival tissues. Besides blocking these antigens, the antibodies, if directed to key epitopes involved in function, may neutralize their action and also facilitate their removal through opsonization and phagocytosis. Furthermore, specific antibodies of a certain subclass (e.g., immunoglobulin A [IgA] and IgG4 in humans) may reduce inflammation associated with chronic bacterial infections at mucosal sites (10, 12, 33, 53) . In the development of a defined and specific vaccine it is therefore essential to identify key virulence factors of the pathogen to which the host immune response should be directed.
The pathogenicity of P. gingivalis has been attributed to a number of virulence factors such as fimbriae (6) , hemagglutinins (15, 19) , lipopolysaccharide (LPS) (16) , and the Arg-Xand Lys-X-specific cysteine proteinases and their associated adhesins (25, 33, 55) . The Arg-X-and Lys-X-specific cysteine proteinases are believed to play a major role in the pathogenesis of periodontitis by degrading a variety of host proteins, by dysregulating the host defenses, and by inducing proinflamma-tory cytokines involved in tissue destruction and alveolar bone resorption. (33, 34, 55) . Three genes encode the major extracellular Arg-X-and Lys-X-specific cysteine proteinases of P. gingivalis: rgpA, rgpB, and kgp (7). The proteins encoded by rgpA and kgp of P. gingivalis strain W50 have been characterized as cell-associated complexes of noncovalently associated proteinases and adhesins, designated the RgpA-Kgp proteinase-adhesin complexes, formerly the PrtR-PrtK proteinase-adhesin complexes (2) . The RgpA-Kgp complexes of P. gingivalis strain W50 are composed of a 45-kDa Arg-X-specific proteinase (RgpA45) associated with four sequence-related adhesins, RgpA44, RgpA15, RgpA17, and RgpA27, all encoded by rgpA (2) . The RgpA-Kgp complexes are also characterized by a 48-kDa Lys-specific proteinase (Kgp48) associated with sequence-related adhesins Kgp39, Kgp15, and Kgp44, all encoded by kgp (45) . A second Arg-specific cysteine proteinase, structurally very similar to RgpA45, has also been characterized and is encoded by rgpB (44) . This proteinase is present as an LPS-modified, 70-to 80-kDa, membrane-associated form and as a discrete 50-kDa proteinase in the culture supernatant (33, 37, 44) . RgpB is not found associated with adhesins, and the rpgB gene lacks the adhesin binding motif that is present in the RgpA and Kgp catalytic domains (44) . This adhesin binding motif is also present in some of the adhesin domains of RgpA and Kgp and is proposed to be responsible for the incorporation of the RgpA45 and Kgp48 catalytic domains into non-covalently associated complexes with adhesins and for the autoaggregation of the adhesins into complexes (44) . A similar adhesin binding motif is also found in a P. gingivalis hemagglutinin (HagA), which also autoaggregates (15, 43) .
P. gingivalis mutants with reduced Arg-X and Lys-X proteinase activity and wild-type cells treated with a proteinase inhibitor have been reported to exhibit reduced virulence in animal models (21, 29 ). An isogenic mutant lacking RgpA, RgpB, and Kgp was reported not to agglutinate erythrocytes, bind to hemoglobin, or grow in defined medium containing protein as the sole carbon and energy source (42) . Using the murine lesion model, we have shown that the purified RgpA-Kgp complexes, when used as an immunogen, were as effective as formalinkilled whole cells (FKWC) in conferring protection against subcutaneous challenge with P. gingivalis strains ATCC 33277 and W50 (33) . These results therefore suggest that RgpA-Kgp may be an efficacious vaccine against P. gingivalis-induced periodontitis. The aim of this paper, therefore, was to determine the efficacy of RgpA-Kgp, when used as a vaccine, to protect against periodontal bone loss induced by P. gingivalis in the rat model.
MATERIALS AND METHODS
Bacterial strains and preparation of inocula. P. gingivalis strains ATCC 53978 (W50) and ATCC 33277, used in this study, have been described previously (33) . Bacterial strains were stored at room temperature as lyophilized cultures. Both strains were cultured and maintained on horse blood agar (HBA) plates containing 10% (vol/vol) lysed horse blood and 1 mg of menadione (Sigma)/liter at 37°C in an anaerobic chamber (MK3 anaerobic work station; Don Whitley Scientific Ltd., Shipley, England) with an atmosphere of 80% N 2 -10% CO 2 -10% H 2.
Three-to five-day-old P. gingivalis W50 or P. gingivalis ATCC 33277 cells derived from passages 3 to 6 were used to inoculate brain heart infusion broth enriched with hemin (15 g/ml), menadione (1 g/ml), and filter-sterilized cysteine-HCl (0.5 g/liter) at 37°C. Final cultures were grown to late exponential phase corresponding to a 0.18 optical density measured at 650 nm with a spectrophotometer (Perkin-Elmer; 295E). Purity of cultures was assessed by Gram staining and determination of colonial morphology. Cells were harvested by centrifugation at 10,000 ϫ g (JA 10 rotor, J2-21 M/E; Beckman, Palo Alto, Calif.) for 30 min at 4°C. After the supernatant was carefully removed from the anaerobic chamber, the cell pellets were resuspended in previously cooled (4°C) and prereduced PG buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM MgSO 4 , 0.5 g of cysteine/liter, pH 7.8) containing 5% (wt/vol) low-viscosity carboxymethyl cellulose. The volume was adjusted to give a final concentration of 2.5 ϫ 10 11 CFU/ml, and the cell suspensions were divided into 2-ml aliquots in syringes for inoculation into animals.
Preparation of P. gingivalis ATCC 33277 FKWC. Cells were treated overnight with equal volumes of 0.5% (vol/vol) formal saline on a rocking platform. Sterile PG buffer (equivalent to 10 times the volume of treated cells) was then added and the mixture was centrifuged for 10 min at 10,000 ϫ g. The supernatant was removed, and the cell pellet was resuspended gently in PG buffer (20 times the volume of the cell pellet) and centrifuged again for 10 min at 10,000 ϫ g. After the supernatant was discarded, the cells were resuspended in sterile PG buffer to obtain a concentration of 10 10 CFU in 0.1 ml. For immunization, the cell suspension was mixed with incomplete Freund's adjuvant (IFA) at a ratio of 1:1 (vol/vol).
Preparation and analysis of the RgpA-Kgp proteinase adhesin complexes. The RgpA-Kgp complexes were prepared from a P. gingivalis W50 cell sonicate by anion exchange, gel filtration, and Arg-Sepharose chromatography as described by Bhogal et al. (2) . The purified RgpA-Kgp adhesin complexes were characterized by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (24) and blotting onto a polyvinylidene difluoride membrane, followed by N-terminal sequence analysis as described by Bhogal et al. (2) . Protein concentrations of samples were determined using the Bradford protein assay (Bio-Rad, Richmond, Calif.). Proteolytic activity of samples was determined using synthetic chromogenic substrates as described by Bhogal et al. (2) .
Rat periodontitis model. The rat periodontitis model experiments were approved by the University of Melbourne Ethics Committee for Animal Experimentation. Specific-pathogen-free, male Sprague-Dawley rats were divided randomly into groups of 10 rats and maintained in wire-bottom cages in order to reduce the influence of bedding and hair impaction on alveolar bone loss. At the commencement of the experiment, plaque samples were taken from all rats and were immediately cultured on HBA plates with 400 g of kanamycin/ml. All animals were negative for black-pigmented organisms. At the age of 4 weeks, rats were immunized by subcutaneous injection of an emulsion of immunogen and IFA at 1:1 (vol/vol). Each rat received 0.2 ml in the scruff of the neck. Group 1 rats were immunized with FKWC of P. gingivalis ATCC 33277 (10 10 cells/dose); group 2 rats were immunized with RgpA-Kgp (100 g/dose); group 3 and 4 rats were sham immunized with IFA only. All immunizations were repeated 3 weeks after the first immunization with the same dose, except for RgpA-Kgp (group 2), where the second dose consisted of 60 g/dose. One week after the second immunization each animal was bled from the tail, and sera were stored at Ϫ70°C.
On the 19th day after immunization, all rats were treated with antibiotics for three consecutive days to suppress the endogenous microflora. Each rat received a daily dose of 20 mg each of ampicillin and kanamycin in 0.5 ml of 5% (wt/vol) carboxymethyl cellulose in water. On the 25th day, all animals in groups 1, 2, and 3 were challenged with P. gingivalis ATCC 33277. This was repeated four times at 48-h intervals. Group 4 was left unchallenged. The animals were challenged by inoculation using a 2.5-ml disposable syringe fitted with a 16-gauge gavage tube as described previously (22) . A 1-ml sample of the P. gingivalis cell suspension was inoculated into each animal in the following manner: 0.75 ml was gavaged into animals by inserting the tube into the pharynx, 0.2 ml was deposited in the molar gingival area (50 l per quadrant), and 50 l was deposited in the colorectal area. Six weeks after the last inoculation, animals were anesthetized with 1:1 Rompen and ketamine and samples of subgingival plaque and saliva were taken and animals were sacrificed by CO 2 asphyxiation. The maxilla and mandible were dissected from the skull and stored at Ϫ20°C. The rat jaws were thawed, boiled for 5 min, and defleshed with a periodontal scaler. The two sides of each maxilla (excluding premaxilla) were separated along the midline suture. They were left overnight in 3% (vol/vol) H 2 O 2 , air dried, and stained for 1 min in an aqueous solution of 0.1% (wt/vol) methylene blue to delineate the cementoenamel junction. The jaws were coded, and an investigator unfamiliar with the code measured horizontal bone loss using the morphometric method of Klausen et al. (22, 23) . Bone loss data were statistically analyzed by a one-way classification analysis of variance with a post hoc Scheffe multiple comparison (M. Norusis, SPSS for Windows: base system user's guide, release 6.0, SPSS Inc., Chicago, Ill., 1993).
Plaque sampling. Plaque samples were taken between inoculations with extrafine paper points and immediately cultured on HBA plates with 400 g of
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kanamycin/ml. All inoculated animals were positive for P. gingivalis. At the end of the experiment, after the animals were anesthetized, subgingival plaque was removed from the first and second molars with a sterile Naber's probe and pooled in 200 l of 10 mM NaOH-20 mM EGTA-0.3% (wt/vol) SDS, vortexed vigorously, and then stored at Ϫ70°C until DNA probe analysis. Collection of saliva. Subcutaneous injection of pilocarpine nitrate (3 to 5 mg/kg of body weight) was given in the scruff of the neck for parasympathetic stimulation. Saliva was collected by a method described by Reynolds and Del Rio (38) . The saliva was collected in a 1.5-ml microcentrifuge tube containing 20 l of a cocktail of proteinase inhibitors at 1 mg/ml (Complete; Boehringer Mannheim, Nunawading, Victoria, Australia). The samples of saliva were kept on ice until clarified by centrifugation at 5,000 ϫ g, 4°C, for 20 min. The supernatants were stored at Ϫ70°C until required.
DNA probe analysis of plaque samples. Plaque samples in 10 mM NaOH-20 mM EGTA-0.3% (wt/vol) SDS were boiled for 10 min, and 200 l of doubledistilled water was added. An equal volume of phenol-chloroform was added, and the solution was mixed briefly with a vortex mixer and centrifuged for 3 min at 13,000 ϫ g. The aqueous phase was removed carefully, and phenol-chloroform extraction was repeated. DNA was precipitated from the aqueous phase by adding 20 l (1/10 volume) of 3 M sodium acetate and 500 l of ethanol. DNA was pelleted by centrifugation for 15 min at 13,000 ϫ g and allowed to air dry. The pelleted DNA was washed with 70% (vol/vol) ethanol and resuspended in 200 l of 0.4 N NaOH and used for dot blotting. The dot blot apparatus (Schleicher & Schuell Minifold I dot blot system; Bartelt Instruments, Pty. Ltd., Melbourne, Victoria, Australia) was prewarmed at 37°C. Under gentle suction DNA in 0.4 N NaOH was applied to a Hybond Nϩ membrane (Amersham Corp.) and subsequently washed through under suction with prewarmed (37°C) 0.4 N NaOH. The membrane was rinsed briefly for 3 min with 10% (wt/vol) SDS and then treated for a further 10 min with a solution of 1.5 M NaCl and 0.5 M NaOH before being neutralized for 10 min with a solution of 1.5 M NaCl, 0.5 M Tris-HCl, pH 7.2, and 1 mM EDTA. After being rinsed in 2ϫ SSC (1ϫ SSC is 15 mM sodium citrate, pH 8.0, plus 150 mM NaCl) the membrane was incubated in a solution of pronase E (100 g/ml) for 30 min at 37°C. The membrane was then incubated in a solution containing 50 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 mM EDTA, and 0.1% (wt/vol) SDS for 30 min at 50°C and then prehybridized at 65°C for 1 h in Church buffer (0.5 M sodium phosphate [pH 7.2], 1 mM EDTA, 7% [wt/vol] SDS). The membrane was then hybridized overnight at 65°C with a P. gingivalis IS1126 (28) DNA probe in Church buffer. The P. gingivalis IS1126 DNA probe was prepared by PCR amplification of P. gingivalis genomic DNA (46) using primer sequences 5Ј-CGGCGATTGGCGTATATTTTGTTT-3Ј and 5Ј-AAAATAAGGAGATGGAGGGAAGAG-3Ј to amplify from base 13 to base 1325. The probe was radiolabeled using the Prime-a-Gene labeling system (Boehringer Mannheim). The membrane was washed at 65°C in 0.5ϫ SSC containing 0.1% (wt/vol) SDS for 1 h. Membranes were exposed to a Fuji BAS-MP 2040S imaging plate for 4 h before analysis using a Fuji Fujix BAS1000 scanner. Individual samples were quantified with the PCBAS program. Streptococcus mutans DNA was used as a negative control, while 10-fold serial dilutions of P. gingivalis genomic DNA were used for standardization.
Analysis of specific antibodies in rat serum and saliva samples by enzymelinked immunosorbent assay (ELISA). Microtiter plates were coated with RgpAKgp at 1 g/ml or FKWC at 10 10 cells/ml in 50 mM Tris-HCl, pH 7.4-200 mM NaCl (TBS). The microtiter plates were sealed and kept in a humidified chamber overnight at 4°C. Plates were then washed three times with TBS containing 0.05% (vol/vol) Tween 20 (TBST), and wells were coated with 200 l of blocking solution containing 2% (wt/vol) gelatin in TBST, sealed, and then incubated at 37°C for 2 h. After three washes with TBST, 50 l of serially diluted rat sera in antibody-diluting buffer (TBS with 1% gelatin) was added to each well. Control wells received antibody-diluting buffer only. The plates were sealed and incubated for 90 min at 37°C. Following incubation the plates were washed three times with TBST and 50 l of a secondary antibody (diluted 1:3,000) was placed in appropriate wells. The secondary antibodies used were biotinylated mouse anti-rat IgG, IgA, IgG1, IgG2a, IgG2b, or IgG2c. Antibody-diluting buffer only was placed in wells not receiving a secondary antibody. The plates were sealed and incubated at 37°C for 60 min. The plates were then washed three times, and 50 l of avidin-peroxidase at a dilution of 1/50,000 was placed in all wells except one control series, which received only antibody-diluting buffer. The plates were sealed and incubated at 37°C for 30 min. After being washed five times with TBST each well received 100 l of the color development solution, containing 10 mg of 3,3Ј,5,5Ј,-tetramethylbenzidine/ml dissolved in dimethyl sulfoxide, diluted 1/100 in sodium acetate-citric acid buffer, pH 6.0, containing 0.004% (vol/vol) hydrogen peroxide. The incubation was carried out at room temperature (25°C) in the dark. Western blot analysis of RgpA-Kgp proteinase-adhesin complex using rat protective sera. RgpA-Kgp (30 g) was subjected to SDS-polyacrylamide gel electrophoresis in gels of 12.5% (wt/vol) acrylamide (1 mm thick) and then electrophoretically transferred onto a polyvinylidine difluoride membrane as described above. After the membrane was sectioned in half, one half was stained with 0.1% (wt/vol) methylene blue. The other half was blocked with nonfat skimmed milk powder in TN buffer ( 
RESULTS
Rats were immunized with either RgpA-Kgp complexes in IFA, P. gingivalis ATCC 33277 FKWC in IFA, or IFA alone and then challenged with live P. gingivalis ATCC 33277 cells. In the IFA-immunized, challenged animals there was marked periodontal bone loss, which was significantly greater (P Ͻ 0.05) than that detected in the animals immunized with FKWC or RgpA-Kgp or in animals unchallenged (Fig. 1) . There was no significant difference in periodontal bone loss between animals immunized with FKWC or RgpA-Kgp and sham-immunized, unchallenged animals ( Fig. 1) . DNA probe analysis showed that 100% of the animals sham immunized with IFA and challenged with P. gingivalis ATCC 33277 were positive for the bacterium with 2.6 ϫ 10 4 Ϯ 2. high-titer serum IgG response to the immunogens (Fig. 2) . The predominant serum IgG subclass each immunogen induced was IgG2a (Fig. 2) . The high-titer IgG2a responses for immunogens FKWC and RgpA-Kgp were similar. Saliva sampled from animals immunized with RgpA-Kgp or FKWC and challenged with live P. gingivalis contained IgA specific for FKWC (Fig. 3) . However, saliva from animals sham immunized with IFA and challenged with live P. gingivalis did not contain specific IgA antibodies to FKWC (Fig. 3) . Western blot analysis of RgpA-Kgp using pooled protective antisera taken from rats immunized with RgpA-Kgp revealed immunodominant bands at 44, 39, and 27 kDa (Fig. 4) .
DISCUSSION
The results presented in this study demonstrate that immunization of rats with RgpA-Kgp of P. gingivalis W50 protected against challenge with P. gingivalis ATCC 33277 in the rat periodontitis model. These results confirm and extend those of Gibson and Genco (14) , who showed that immunization with RgpA, but not RgpB, protected against P. gingivalis-mediated periodontal bone loss in the murine model. The animals immunized with RgpA-Kgp in the present study showed no greater bone loss than unchallenged animals or animals immunized with FKWC. Immunization with FKWC or RgpA-Kgp restricted P. gingivalis colonization of the subgingival crevice, as the bacterium could not be detected in supragingival plaque samples of immunized animals by DNA probe analysis. Both FKWC and RgpA-Kgp, when used as immunogens, induced a high-titer serum IgG2a response. The cross-reactivity of the antibodies induced and the similarity in titers suggest that RgpA-Kgp is a major immunogen on the surface of P. gingivalis. This result is consistent with the work of Genco et al. (13) , who have shown using a competitive ELISA that 42 and 53% of the antibodies induced by immunization of mice with heat-killed P. gingivalis cells recognized RgpA and Kgp, respectively. These authors also showed that, even at high concentrations, RgpB, which is structurally very similar (97% sequence identity) to the catalytic domain of RgpA, did not inhibit antibody binding to P. gingivalis, indicating that the antibodies bound to the adhesin domains of RgpA. Using Western blot analysis Genco et al. (13) demonstrated that the 44-kDa adhesin/hemagglutinin (RgpA44) and the 27-kDa adhesin (RgpA27) of RgpA and the 39-or 42-kDa adhesin (Kgp39) of Kgp, among others, were recognized by anti-RgpA antisera. These results are consistent with the Western blot analysis of RgpA-Kgp in the present study using the protective rat anti-RgpA-Kgp antisera, which recognized 44-, 39-, and 
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27-kDa adhesins of the RgpA-Kgp complexes (Fig. 4) (2) . Similarly, Yonezawa et al. (59) have recently shown that a DNA vaccine carrying rgpA induced antibodies that recognized RgpA44, RgpA27, and Kgp39, among others, in a P. gingivalis cell sonicate and inhibited cell hemagglutination activity and binding to type I collagen.
Using the murine lesion model we have recently shown that RgpA-Kgp, when used as an immunogen, conferred protection against subcutaneous challenge with P. gingivalis strains ATCC 33277 and W50 (33) . In that study RgpA-Kgp was as effective as FKWC, when used as an immunogen, in conferring protection. Western blot analysis of RgpA-Kgp with the protective antisera revealed that only three bands at 27, 39, and 44 kDa were strongly recognized by the antibodies, which is identical to the results obtained in the present study with the rat protective sera. Epitope mapping of the RgpA27 adhesin with the protective antisera in the previous study (33) identified two major epitopes, with one epitope (EP1) being common to RgpA44, RgpA27, and Kgp39. Peptides that corresponded to adhesin sequences involved in aggregation and binding to host substrates were also synthesized (33, 39) . Three of these adhesin peptides conjugated to diphtheria toxoid conferred protection as vaccines in the murine lesion model (33) . The three protective adhesin peptide sequences and the EP1 epitope sequence all exist within a 135-residue span (RgpA44 residues 831 to 965, numbering from the initial Met) in the RgpA44 and Kgp39 adhesins of RgpA-Kgp. Motifs within this 135-residue span are involved in aggregation (44) , hemagglutination (43) , and binding to host substrates (33, 39 ; N. M. O'Brien-Simpson et al., unpublished data). A monoclonal antibody that binds within this span (RgpA44 residues 907 to 931) has been demonstrated to restrict colonization of P. gingivalis in the human oral cavity (4) . Therefore, the rat protective antisera in the present study, which also bound to the RgpA44, Kgp39, and RgpA27 adhesins of RgpA-Kgp, may block colonization, hemagglutination, and the formation and substrate targeting of the proteinase-adhesin complex, thereby substantially reducing the virulence of P. gingivalis and restricting colonization of the subgingival crevice.
Specific salivary IgA antibodies against FKWC were detected in animals immunized with FKWC or RgpA-Kgp but not in sham-immunized, challenged animals. This result may indicate that immunization primed B cells for IgA production and that P. gingivalis challenge may have stimulated the mucosa-associated lymphoid tissue via Th2 cytokines to mature surface IgA ϩ B cells into IgA-secreting cells (26) to produce secretory IgA in saliva. The major antibody induced by immunization with FKWC and RgpA-Kgp was serum IgG2a, and this subclass is representative of a predominant Th2 response (8, 57) . A predominant IgG2a antigen-specific subclass response has been reported for rats immunized with Bordetella pertussis vaccine and antigens from nematode Nippostrongylus brasilienesis (9, 58, 60) . Furthermore, rat IgG2a has been reported to protect mucosal surfaces against infection similarly to IgA (40, 56) . Rat IgG2a-opsonized antigen induces phagocytosis and antibody-dependent cellular cytotoxicity in macrophages and natural killer cells via Fc␥RII receptors (30, 51) . Rat IgG2a has also been reported to inhibit mucosal mast cell degranulation while triggering phagocytosis and endocytosis (3).
It is expected that the specific IgG2a antibodies directed against the adhesin epitopes of RgpA-Kgp would be present in the gingival tissues and in gingival crevicular fluid. However, these antibodies may also be present in saliva, as mice parenterally vaccinated have been reported to secrete antigen-specific IgG antibodies in saliva (5, 52) . The presence in gingival crevicular fluid and saliva of the specific antibodies against the substrate-binding adhesins of RgpA-Kgp may have blocked adherence and subsequent colonization of P. gingivalis in the oral cavity, explaining the lack of detection of the bacterium by DNA probe analysis in subgingival plaque samples from immunized animals. Furthermore, the presence of the specific IgG2a antibodies in the gingival tissues may have also blocked penetration of RgpA-Kgp, which is a major virulence factor for the bacterium, either as discrete complexes or on the surface of outer membrane vesicles. The opsonization of RgpA-Kgp, outer membrane vesicles, or invading cells by the specific IgG2a antibodies would have facilitated Fc receptor-dependent phagocytosis with perhaps little induction of proinflammatory cytokines. These proposed mechanisms of protection may therefore explain why immunization with RgpA-Kgp was so effective in preventing P. gingivalis-induced periodontal bone loss.
Other investigators have demonstrated some protection against periodontal bone loss in the rat periodontitis model upon immunization with a purified or recombinant P. gingivalis fimbrial protein or with a commensal bacterium expressing biologically active domains of the fimbrial protein (11, 41) . In a recent study by Sharma et al. (41) oral immunization of rats with Streptococcus gordonii expressing domains of the P. gingivalis fimbrial protein (FimA) induced FimA-specific serum (IgG and IgA) and salivary (IgA) antibodies. The immunization resulted in partial (60%) protection against P. gingivalisinduced periodontal bone loss. This result can perhaps be explained by the nature of the antigen employed, as FimA is not essential for virulence of the bacterium. P. gingivalis strains W50 and W83, which do not express the FimA protein (27, 50, 54) , are highly virulent and invasive in animal models (32) .
We recently examined sera from 25 chronic periodontitis patients (diseased group) and 25 age-and sex-matched controls (control group) for IgG and subclass responses to RgpAKgp (32) . The level of P. gingivalis in subgingival plaque samples was determined with a DNA probe, and significant positive correlations between the percentage of sites positive for P. gingivalis and measures of disease severity (mean pocket depth, mean attachment loss, and percentage of sites that bled on probing) were found. The diseased group had significantly higher specific IgG responses to RgpA-Kgp than did the control group, and the responses were significantly associated with mean probing depths and percentage of sites positive for P. gingivalis. Analysis of the IgG subclass responses to RgpA-Kgp revealed that the subclass distribution for both the diseased and control groups was IgG4 Ͼ IgG2 Ͼ IgG3 ϭ IgG1. However, as disease severity increased there was a concomitant increase in the IgG2 response and a decrease in the IgG4 response to RgpA-Kgp. Furthermore, sera from individuals who exhibited low levels of periodontitis with high-IgG4 and low-IgG2 responses reacted with the RgpA27, Kgp39, and RgpA44 adhesins in a Western blot as well as with major epitope EP1 in an ELISA. However, sera from diseased sub-jects reacted with the RgpA44/Kgp44 adhesin only and did not recognize EP1. Unlike other subclass antibodies, IgG4 (equivalent to IgG1 and IgG2a in rats) is considered to have a noninflammatory effector function profile, as it does not bind or activate complement, and a suggested biological function for IgG4 is a protective or defensive role in mucosal immunity (18, 31) . Furthermore, IgG4 has been shown to bind Fc receptor Fc␥R1, inducing phagocytosis and production of interleukin-10, which reverses the proinflammatory response of macrophages to bacteria or bacterial products such as LPS (10, 12, 53) . These data along with our animal data suggest that a predominant Th2 antibody response (IgG4 and IgA in humans) directed against the substrate binding motifs of the Kgp39 and RgpA44 adhesins may prevent or reduce disease. Therefore immunization with RgpA-Kgp may provide an important adjunctive therapy to the treatment of chronic periodontitis in humans.
In conclusion, we have demonstrated that immunization with RgpA-Kgp of P. gingivalis restricts colonization of the subgingival crevice by P. gingivalis and subsequent periodontal bone loss in the rat periodontitis model.
